Recent findings suggest that dopamine oxidation contributes to the development of Parkinson's disease (PD); however, the mechanistic details remain elusive. Here, we compare 6-hydroxydopamine (6-OHDA), a product of dopamine oxidation that commonly induces dopaminergic neurodegeneration in laboratory animals, with a synthetic alkyne-functionalized 6-OHDA variant. This synthetic molecule provides insights into the reactivity of quinone and neuromelanin formation. Employing Huisgen cycloaddition chemistry (or "click chemistry") and fluorescence imaging, we found that reactive 6-OHDA p-quinones cause widespread protein modification in isolated proteins, lysates and cells. We identified cysteine thiols as the target site and investigated the impact of proteome modification by quinones on cell viability. Mass spectrometry following cycloaddition chemistry produced a large number of 6-OHDA modified targets including proteins involved in redox regulation. Functional in vitro assays demonstrated that 6-OHDA inactivates protein disulfide isomerase (PDI), which is a central player in protein folding and redox homeostasis. Our study links dopamine oxidation to protein modification and protein folding in dopaminergic neurons and the PD model.
Introduction
Parkinson's disease (PD), the second most common age-related neurodegenerative disorder, challenges the ageing Western society and its health care sectors [1] [2] [3] . Typical clinical symptoms of PD include rigidity, resting tremor, bradykinesia and postural instability [4] [5] [6] . These symptoms are due to the loss of dopaminergic neurons in the substantia nigra pars compacta (SNc) yielding low levels of the neurotransmitter dopamine within the brain. Despite the identification of several risk factors and genetic markers, the underlying cause of this slowly progressive disease remains unknown. Research suggests that intracellular accumulation of protein aggregates in abnormal deposits contributes to neuronal cell death [7, 8] . These deposits, termed Lewy bodies, contain large amounts of the intrinsically disordered protein alpha-synuclein (SNCA), establishing PD as the most prominent member among the family of synucleinopathies [9, 10] .
The specific loss of dopaminergic neurons in the SNc is likely due to the presence of dopamine and the associated biological pathways in these cells [11, 12] . Dopamine is a highly reactive molecule and is stored in synaptic vesicles, in which the local acidic environment prevents autoxidation. Nonetheless, intracellular dopamine autoxidation can occur because dopamine synthesis and metabolism take place in the cytosol, which provides conditions more conducive for oxidation. Cellular antioxidants, for instance glutathione (GSH), inhibit dopamine oxidation whereas metal ions, in particular iron and copper, accelerate dopamine oxidation [13] [14] [15] [16] . Many studies report both reduction of GSH levels as well as iron accumulation in the brain of PD patients implying that dopamine oxidation is a disease-relevant process [17, 18] LDAC, leukodopaminochrome; DAC, dopaminochrome (A). Structure of the alkyne-functionalized 6-OHDA (6-OHDA-PEG3-yne) used in this study (B) . Schematic overview of the applied copper-catalyzed azide-alkyne cycloaddition approach applied in this study (C) . Monitoring absorption at 490 nm of 6-OHDA (100 μM, red) and 6-OHDA-PEG3yne (100 μM, blue) in PBS (pH 7.6; circles) or in water (pH 5.8; triangles) continuously over 4 h (D). Cell viability of SH-SY5Y cells challenged with either 6-OHDA (red) or 6-OHDA-PEG3-yne (blue). IC 50 values determined by fitting are presented in the graph (E). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
Any attempt to study experimentally the role of dopamine and dopamine oxidation products is challenging due to the high reactivity, the associated series of complex reaction cascades, and the formation of various intermediates and large insoluble polymers, producing opposing effects within the cell. The lack of tools to interrogate specific intermediates of dopamine oxidation, especially within cellular systems, limits our understanding of the role of dopamine oxidation in the development of PD. For instance, the interaction of dopamine metabolites with other biological molecules, such as proteins, remains elusive [20] . In this study, we sought to address this limitation and present the proof-of-concept of a novel chemical biology approach to elucidate modification of proteins by dopamine intermediates. We interrogated a chemically modified 6-OHDA that we presented previously [52] . Here, we found that this modificationprevents intramolecular conversion and limits 6-OHDA's oxidative reaction cascade. Furthermore, this synthetic molecule allows visualization of protein modification by quinones in vitro and in cellulo, and permits interrogation of the associated environmental conditions in order to study the emerging link between dopamine oxidation and protein modification in the development of PD.
Material and methods

Reagents
All reagents, solvents and oligonucleotides were purchased from Sigma Aldrich, unless otherwise noted, and used without further purification. Propargyl-PEG3-acid was purchased from BroadPharm. Alexa Fluor™ 488 azide was obtained from Thermo Fisher Scientific. Rhodamine-azide was synthesized as described previously [49] [50] [51] .
Synthesis and characterization of 6-OHDA-PEG3-yne
Initially, 6-OHDA-PEG3-yne was obtained as described previously [52] . Additional 6-OHDA-PEG3-yne was synthesized as described except for the use of nitrogen instead of argon as inert gas. Absorbance in water (pH 5.8) or PBS (pH 7.6) was monitored at 30°C under repeated shaking using an automated plate reader (Microplate reader Tecan Safire2, Cisbio).
Animals and cell culture
Primary cortical neurons were derived from E14.5-15.5 wild type (WT) CD1 mice (Charles River Laboratories) of either sex and maintained in Neurobasal media (Invitrogen) supplemented with B27 with antioxidants (Gibco), N2 (Gibco), 0.5 mM L-glutamine, and penicillinstreptomycin (Gibco) as previously reported [53] . Neurons were plated onto poly-D-lysine coated plates as follows: 4 × 10 6 cells per 10 cm plate and 1 × 10 6 per well of 6-well plate. Cells were grown in culture for 4 days in the presence of antioxidants. Cultures received new media containing no antioxidants on the fourth day in vitro (DIV4). Treatment and harvest were performed on DIV5.
The dopaminergic human neuroblastoma cell line SH-SY5Y was maintained in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) and the non-catecholaminergic human liver cell line HepG2 was maintained in DMEM. Media was supplemented with 10% fetal bovine serum (FBS), 100 nmol/L non-essential amino acids, and a penicillin-streptomycin mixture. All cells were cultured at 37°C in a humidified atmosphere of 95% air and 5% CO 2 .
Cell viability assay
Viability of SH-SY5Y cells was determined by measuring the reduction of 3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) to formazan. Cells were seeded in 96-wells (1 × 10 4 cells per well) and cultured for 24 h or 48 h until confluency reached approximately 70%. Then, culture media was replaced with fresh media supplemented with varying concentrations of 6-OHDA or 6-OHDA-PEG3-yne. After 24 h, cells were washed three times with PBS and incubated for 5 h at 37°C in culture medium containing 0.5 mg/ml MTT tetrazolium salt. The medium was carefully removed, and the generated formazan was solubilized in DMSO. Absorbance was measured at 562 nm by an automatic plate reader (SpectraMax M2, Molecular Devices or Tecan Safire2, Cisbio). The absorbance at each concentration of 6-OHDA or 6-OHDA-PEG3-yne was expressed as a percentage of the absorbance measured in the absence of any compound. Finally, obtained values were plotted against the log-transformed concentration of the used compound and fit to a four-parameter equation.
Cloning, expression and purification of proteins
Expression vectors for an N-terminal hexahistidine-tagged human PDIA1 was kindly provided by Dr. Llyod Ruddock [54] . The catalytically active domain of PDI (D18-A137), termed PDIa, was obtained by introducing a stop codon after Alanine 137 as previously described [55, 56] . N-terminal hexahistidine-tagged PDI and PDIa were expressed in E. coli Rosetta (DE3) strains (Invitrogen) at 25°C for 16 h in the presence of 1 mM IPTG. Proteins were purified by Ni-affinity chromatography (HiTrap IMAC HP, GE Healthcare) followed by size-exclusionchromatography (Superdex75 10/300, GE Healthcare) in 50 mM sodium phosphate, pH 7.7 (25°C) and 150 mM NaCl.
The expression vector for alpha-synuclein (SNCA) was a gift from Michael J Fox Foundation (Addgene plasmid #51486). SNCA was expressed and purified as described elsewhere [57] . After anion exchange chromatography (HiTrap Q FF column, GE Healthcare), SNCA was dialyzed against 20 mM Tris-HCl, pH 8.0 and 150 mM NaCl.
Protein concentrations were measured by UV spectroscopy using a NanoDrop 1000 (Thermo Scientific). Samples were stored at −80°C until use.
Protein disulfide isomerase activity assay
PDI and PDIa were reduced with 20-fold molar excess of DTT at room temperature for 30 min and then applied onto a PD-10 column. Collected fractions were monitored for residual DTT via DTNB and fractions without DTT were pooled and stored at −80°C as described previously [58] . Reduced PDI or PDIa (75 nM each) were incubated with 150 μM H 2 O 2 , 150 μM 6-OHDA or 150 μM PAO in the presence or absence of 1 mM L-cysteine or 1 mM L-methionine. Oxidoreductase activity of PDI or PDIa was determined by reduction of 15 μM pseudo substrate diabzGSSH in the presence of 50 μM DTT in a 384-well plate as described previously [56, 58, 59] . Fluorescence (excitation filter 312 nm, emission filter 415 nm) was monitored at 5 s intervals for 90 min at 30°C under repeated shaking using an automated plate reader (Microplate reader Tecan Safire2, Cisbio). Each sample was measured in quadruplicate. Data points are presented as means and error bars represent the standard error of the mean.
Determination of reduced cysteines with DTNB
First, 70 μM of thiol-containing compound (GSH or cysteine) was incubated in PBS (pH 7.6) without or with 10 μM 6-OHDA or 10 μM 6-OHDA-PEG3-yne at ambient temperature for 1 h. After incubation, 200 μM of 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) was added to the reaction mixtures. Finally, the absorbance of the solution was measured after 25 min at 412 nm using an automated plate reader (Microplate reader Tecan Safire2, Cisbio). Three independent replicates were measured and error bars represent the standard deviation.
Far-UV circular dichroism spectroscopy
Initially, BSA was reduced as described for PDI above. Far-UV CD spectra of 3 μM reduced BSA were recorded in 40 mM potassium phosphate (pH 7.5) at 30°C in the presence of buffer, 150 μM H 2 O 2 , 150 μM 6-OHDA or 150 μM 6-OHDA-PEG3-yne using a Jasco J-815 spectropolarimeter. Samples were incubated with the corresponding reagents for 12-16 h at 4°C and transferred to 30°C 5 min before recording (data interval: 0.5 nm, cell length: 0.1 mm, 8 accumulations). The temperature during the experiment was controlled with a Jasco Peltier device.
In-gel fluorescence of proteins and cell lysates in vitro
Lysates were prepared by lysing cells in cold 1% Triton X-100 in PBS followed by sonication for 5 s. Samples were centrifuged at 14,000 rpm for 5 min at 4°C. An aliquot of the supernatant was used for protein quantification via DC Protein Assay (Bio-Rad), whereas the remaining supernatant was used for labelling. Purified proteins (i.e. BSA, SNCA or PDI) were transferred into PBS and incubated with or without freshly prepared 2 mM maleimide for 1 h at ambient temperature. 6-OHDA-PEG3-yne was added to prepared samples and incubated under gentle mixing for 1 h at room temperature (for cell lysates) or 37°C (for purified proteins) unless otherwise noted. Then, a 'click mix' containing 1 mM TCEP, 100 μM TBTA, 1 mM CuSO 4 and 50 μM rhodamine-azide in PBS was added for additional 45-60 min. The copper-catalyzed azidealkyne cycloaddition reaction was terminated, and the proteome was precipitated by addition of cold acetone and incubation at −80°C for at least 30 min.
Samples were then centrifuged at 14,000 rpm for 15 min at 4°C. Precipitated protein pellets were air-dried for 10 min, resuspended in 20 μL-35 μL Laemmli buffer, and heated for 10 min at 95°C. Samples were resolved on SDS Protein gels, and in-gel fluorescence was detected by the ChemiDoc MP system (Bio-Rad). Fluorescence intensity of three experiments was normalized to the corresponding Coomassie bands and quantified using Image lab (Bio-Rad). Statistical significance was evaluated using an unpaired two-tailed Student's t-test.
Fluorescence microscopy of intracellular protein modification
HepG2 cells or SH-SY5Y cells were seeded (40′000 cells per well) in a 24-well glass bottom plate and cultured for 24 h or 48 h, respectively. Cells were fixed with 4% formaldehyde in PBS for 15 min at ambient temperature and washed three times with PBS. Fixed samples were stored at 4°C until cell membranes were permeabilized with 0.1% Triton X-100 in PBS for 5 min. After washing with PBS, 6-OHDA-PEG3yne was added to the samples for 30 min, or samples were treated with solvent only. Alternatively, living cells were treated with 6-OHDA-PEG3-yne, then washed three times with PBS before proceeding with fixation and permeabilization. Cells were incubated for 1 h with a 'click mix', containing 1 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 100 μM tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] amine (TBTA), 1 mM CuSO 4 and Alexa488-azide in PBS. Next, samples were washed with PBS and with cold methanol, and stained with 0.1 μg/ml DAPI (4′,6-diamidino-2-phenylindole). Cells were stored at 4°C in the dark. Imaging was performed using a Leica SP5-X confocal laser-scanning microscope (Leica Microsystems, Mannheim, Germany) equipped with a standard 20x objective lens (Leica Microsystems, Mannheim, Germany). DAPI and Alexa488 were excited sequentially at 405 nm and at 488 nm. Emission spectra were recorded between 410 nm and 479 nm for DAPI and between 502 nm and 541 nm for Alexa488. Images were analyzed using the Leica Application Suite 2.7.4.10100.
2.11. Biotin-streptavidin pull-down of proteins coupled to 6-OHDA-PEG3yne Primary mouse neurons were lysed prior to the application of 6-OHDA-PEG3-yne. Copper-catalyzed azide-alkyne cycloaddition using biotin-azide followed by streptavidin-enrichment, and trypsin digest of modified proteome were performed as previously described [60] . After incubation, an additional acetone precipitation and three washing steps with cold methanol were performed in order to remove the 'click mix' from the protein fraction. Following protein enrichment, agarosestreptavidin beads (Pierce) were washed three times with 100 μL PBS in a Biospin column. Using 200 μL of PBS, the beads were transferred to cell lysates modified by 6-OHDA-PEG3-yne and incubated for 90 min. The beads were washed five times with 50 mM ammonium bicarbonate and transferred to an Eppendorf tube. Samples were heated for 15 min at 65°C with 500 μL of 10 mM DTT in 50 mM ammonium bicarbonate (ABC). After 15 min, 25 μL of 500 mM iodoacetamide was added and samples were incubated in the dark for 30 min. The samples were centrifuged for 2 min at 1400 rpm and 100 μL of ABC was added followed by 2 μL of 0.5 mg/mL of trypsin. After incubation at 37°C overnight on a rotating wheel, the beads were pelleted. The supernatant was purified using C18 Zip-tip columns and then applied to MS analysis.
Mass spectrometry for protein characterization
Mass spectra of BSA and SNCA were obtained by electron spray ionization (ESI) liquid chromatography mass spectrometry (LC/MS) on an Agilent 6410 Triple Quadrupole Mass Spectrometer instrument coupled to an Agilent 1200 HPLC system. The system was equipped with C8 (Agilent Zorbax Eclipse XBD-C8, 4.6 × 50 mm) and C18 (Agilent Zorbax Eclipse XBD-C8, 4.6 × 50 mm) reverse phase columns, an autosampler, and a diode-array detector. A linear gradient of the binary solvent system of H 2 O:acetonitrile:formic acid (from 95:5:0.1 to 5:95:0.1) was used. Data was analysed using MassHunter 01.03 (Agilent Technologies) and the deconvoluted sum spectra is presented.
Mass spectrometry for protein and peptide identification
Protein identification was performed using an Orbitrap Fusion (Thermo Scientific) coupled to an Ultimate3000 nanoRLSC (Dionex). Peptides were separated via a water/acetonitrile/0.1% formic acid gradient on an in-house packed column (Polymicro Technology), 15 cm × 70 μm ID, Luna C18(2), 3 μm, 100 Å (Phenomenex). Peptides were separated using an initial linear gradient from 2% to 38% of acetonitrile followed by a second gradient from 38% to 98% of acetonitrile. Final separation was achieved with 98% of acetonitrile followed by a reverse gradient from 98% to 2% of acetonitrile and a final wash with 2% of acetonitrile. Eluted peptides were sprayed directly into the mass spectrometer using positive ESI at an ion source temperature of 250°C and an ionspray voltage of 2.1 kV. The Orbitrap Fusion Tribrid was run in top speed mode. Full-scan MS spectra (m/z 350-2000) were acquired at a resolution of 60,000. Precursor ions were filtered according to monoisotopic precursor selection, charge state (+2 to +7), and dynamic exclusion (30 s with a ± 10 ppm window). The automatic gain control settings were 4e5 for full FT-MS scans and 1e4 for MS/MS scans. Fragmentation was performed with collision-induced dissociation (CID) in the linear ion trap. Precursors were isolated using a 2 m/z isolation window and fragmented with a normalized collision energy of 35%.
Analysis of mass spectrometry data
MaxQuant was used for protein identification and quantification. Search parameters were set to allow for dynamic modification of methionine oxidation, and static modification of cysteine carbamidomethylation. The search database consisted of nonredundant mouse A. Farzam, et al.
Redox Biology 28 (2020) 101377 protein sequences in FASTA file format from the UniProt/SwissProt database. The FDR was set to 0.05 for protein identifications. Pathway analysis of selected proteins (Sequest HT Score > 10 and excluding targets in mock pulldown) was performed using the ToppGene Suite [61] . ClustVis was used for Principal component analysis (PCA) [62] .
Statistical analysis and software
Unless otherwise noted, data analysis was performed in GraphPad Prism 7.00 (GraphPad Inc.), Excel 2010 (Microsoft) and R 3.2.3 via R Studio 1.0.136. Chemical structures were drawn with ChemDraw Professional 16.0 (PerkinElmer). Figures were created using Inkscape 0.92 and the auxiliary R packages "gplots" and "ggplot2".
Results
Prevention of intramolecular cyclization abrogates 6-OHDA pigment formation and extends stability of oxidation product
Previously, we investigated small molecule mediated inhibition of viral replication and, during this process, synthesized 6-OHDA-PEG3yne by coupling a PEG3-alkyne to the amino group of 6-OHDA [52] ( Fig. 1B) . In this study, we sought out to characterize the physiochemical properties of 6-OHDA-PEG3-yne, and to apply this molecule to neuronal cell models. Our modification on 6-OHDA abrogates intramolecular ring closure and, hence, limits the subsequent reaction cascades. Moreover, 6-OHDA-PEG3-yne enables us to perform coppercatalyzed azide-alkyne Huisgen cycloaddition (also known as "click chemistry") in order to study protein modification (Fig. 1C) .
First, we monitored the absorption spectra of both molecules in slightly basic conditions (i.e., PBS pH 7.6). In agreement with earlier reports of pH-dependent autoxidation of 6-OHDA, we observed a rapid red coloration for both 6-OHDA and 6-OHDA-PEG3-yne within a few seconds corresponding to the formation of the 6-OHDA p-quinone (Fig. S1A) [43] . There was no significant difference between both absorption spectra in the first 30 min; however, after this time, we noticed a continuous decline in the absorption peak at 490 nm for 6-OHDA whereas 6-OHDA-PEG3-yne remained unchanged for several hours (Fig. 1D) . Eventually, the absorption intensity for 6-OHDA-PEG3-yne started to decline over the course of 48 h (Figs. S1A and B). By contrast, both molecules underwent only marginal autoxidation under slightly acid conditions (i.e., de-ionized water, pH 5.8), confirming earlier observations (Figs. S1B and C) [43] . Interestingly, after 48 h in PBS, we observed the formation of black pigment, likely corresponding to neuromelanin, for 6-OHDA but not for 6-OHDA-PEG3-yne ( Fig. S1D ). We validated the pH-dependent autoxidation of 6-OHDA-PEG3-yne via LC/ MS. After 2 h, we found substantially more reduced 6-OHDA-PEG3-yne in water (pH 5.8), which became very acidic (pH 4.0) ( Fig. S1E ), than slightly basic PBS ( Fig. S1F ). We also investigated whether the chemical modification on 6-OHDA's amino group affects toxicity on the human neuroblastoma cell line SH-SY5Y, which is widely used in PD research [63] . We conducted an MTT assay to assess cell viability upon treatment with either 6-OHDA or 6-OHDA-PEG3-yne but could not detect a significant difference between both molecules (Fig. 1E ). We conclude that our modification of 6-OHDA does not affect autoxidation and formation of 6-OHDA p-quinone but stabilizes the subsequent reaction products.
Visualization of quinone modification of bovine serum albumin in vitro
Next, we employed 6-OHDA-PEG3-yne to visualize protein modification by quinones using bovine serum albumin (BSA) as a model protein substrate. We incubated BSA with 6-OHDA-PEG3-yne followed by coupling of rhodamine-azide and in-gel fluorescence imaging. Our analysis demonstrated covalent modification of BSA by 6-OHDA-PEG3yne ( Fig. 2A and B) . Previous studies indicated that the electrophilic 6-OHDA p-quinone serves as a Michael acceptor for biological nucleophiles, such as cysteine thiols [43] . Prior to incubation with 6-OHDA-PEG3-yne, we incubated BSA with maleimide, a compound that is commonly used to covalently modify cysteines [64, 65] . We found that maleimide pre-treatment prevented alkylation by 6-OHDA-PEG3-yne, confirming cysteines as the main target ( Fig. 2A and B ). We excluded that our modification on 6-OHDA altered the molecule's reactivity or specificity by incubating BSA with native 6-OHDA prior to applying 6-OHDA-PEG3-yne. Increasing concentration of 6-OHDA correlated with decreasing in-gel fluorescence confirming that both molecules target the same sites in BSA ( Fig. 2C and D) . At very high concentrations of 6-OHDA, we noticed aggregation of BSA, which could be due to either 6-OHDA itself or due to the release of hydrogen peroxide (H 2 O 2 ) during autoxidation of 6-OHDA or 6-OHDA-PEG3-yne. We examined this finding by treating BSA with different concentrations of H 2 O 2 prior to incubation with 6-OHDA-PEG3-yne, and observed a similar degree of BSA aggregation ( Fig. S2A and B) . We are aware that this experiment does not fully clarify whether reduction of in-gel fluorescence is due to the loss of protein or due to cysteine oxidation, eventually rendering the target sites of 6-OHDA inaccessible; however, we concluded that autoxidation of large amounts of 6-OHDA produces large amounts of H 2 O 2 that induce protein aggregation. Further, we applied LC/MS to confirm the observed modification of BSA after the copper-catalyzed azide-alkyne cycloaddition. We were able to detect additional mass on BSA due to the addition of one or more equivalents of 6-OHDA or 6-OHDA-PEG3-yne ( Fig. 2E ). We would like to point out that the reducing condition during the cycloaddition reaction causes the breakage of a certain amount of BSA's disulfide bonds rendering additional cysteines accessible as described in previous studies [66] ; however, we were not able to resolve reliably the spectra for BSA modified with more than three equivalents due to technical limitations. Regardless, we noted that the spectra of BSA modified with 6-OHDA-PEG3-yne displayed more distinct peaks than BSA modified by 6-OHDA, likely reflecting the limited reactivity of 6-OHDA-PEG3-yne. In addition, we tested modification of BSA by 6-OHDA-PEG3-yne at different temperatures but could not detect a significant difference (Figs. S2C and D). Further, we performed this modification reaction at increasing pH, but the observed differences fall within the accuracy of the measurement (Figs. S2E and F). Generally, BSA modification by 6-OHDA-PEG3-yne occurred almost instantaneously (Figs. S2G and H). We also studied the effect of quinone modification of BSA but could not detect changes in overall protein folding (Fig. S2I) ; however, we observed the formation of black pigment and aggregation of BSA after 24 h for 6-OHDA, whereas BSA treated with 6-OHDA-PEG3-yne did not show any noticeable change (Fig. S2J ).
Protein modification by the 6-OHDA quinone is thiol-dependent
We demonstrated that maleimide treatment abrogated quinone modification of BSA suggesting that cysteines are the predominant target of the 6-OHDA p-quinone. We confirmed this finding by performing the alkylation reaction in the presence of the known antioxidants GSH and methionine. GSH prevented almost all protein modification, whereas methionine did not have a significant effect ( Fig. 3A and B) . We also performed this experiment in the presence of all 20 natural amino acids in order to exclude 6-OHDA-PEG3-yne reacting with other amino acids besides cysteine in our experiments (Fig.  S3 ). Due to high experimental variability, a sound statistical assessment was not possible; however, we noticed that cysteine affected Coomassie staining or induced protein aggregation, indicating that cysteine plays a crucial role. Subsequently, we applied an indirect method to validate the role of thiols in scavenging 6-OHDA p-quinones. We incubated 6-OHDA or 6-OHDA-PEG3-yne with the physiological relevant GSH before quantifying the free thiols using Ellman's reagent (DTNB). We employed a low concentration of 6-OHDA (and 6-OHDA-PEG3-yne) to keep the interference of the absorbance of the p-quinone with the TNB absorbance at a minimum. We observed that the presence of GSH decreased the detected DTNB absorption, indicating that thiol-containing molecules scavenged 6-OHDA p-quinones ( Fig. 3C ). We confirmed this by employing cysteine, another thiol-containing compound with relevance for putative protein modification, which yielded the same result ( Fig. 3C) . In order to confirm that protein modification by 6-OHDA is thiol-dependent, we employed SNCA, which is highly relevant to PD and does not contain any cysteine. Concurring with our data, we were not able to detect any in-gel fluorescence for recombinantly expressed human SNCA (Fig. 3D ). Additional mass spectrometry analysis of SNCA incubated with either native 6-OHDA or 6-OHDA-PEG3-yne did not reveal any additional mass, confirming our finding (Fig. 3E ). Collectively, 6-OHDA-PEG3-yne is a potent modifier of proteins with a high selectivity for cysteine thiols.
6-OHDA p-quinone modifies the cellular proteome
In the next step, we applied 6-OHDA-PEG3-yne to a complex cellular environment. Besides SH-SY5Y cells, we also used the non-catecholaminergic human liver cell line HepG2 that has been used as a non-neuronal control in previous studies [67] . In addition, we used mouse primary embryonic cortical neurons (herein referred to as 'mouse cells') since mice are a pre-clinical model for 6-OHDA-induced dopaminergic neurodegeneration. First, we lysed the cells and treated the cell lysates with 6-OHDA-PEG3-yne followed by copper-catalyzed azide-alkyne cycloaddition but we did not find a specific pattern among the fluorescent bands in SH-SY5Y cells (Fig. S4A) . Increasing the concentration of 6-OHDA-PEG3-yne yielded a corresponding increase in ingel fluorescence (Fig. 4A) ; however, no specific banding pattern emerged. We obtained the same result for both HepG2 and mouse cell lysates implying that 6-OHDA-PEG3-yne does not target specific proteins (Figs. 4A, S4B,C). Incubation of cell lysates with 6-OHDA prior to treatment with 6-OHDA-PEG3-yne greatly reduced in-gel fluorescence confirming the overlapping reaction sites for both 6-OHDA and 6-OHDA-PEG3-yne ( Fig. 4B , S4D-F). Since 6-OHDA is used in mice to generate a PD model [39, 41] , we sought to identify proteins modified by 6-OHDA-PEG3-yne in mouse cell lysates using affinity purification via biotin-azide and streptavidin-functionalized agarose, followed by mass spectrometry. After correcting for mock pulldown, we identified n = 201 proteins targeted by 6-OHDA-PEG3-yne (Table S1 ). As expected, we found an overrepresentation of proteins involved in pathways associated with catecholamine-mediated binding and signaling (e.g. adrenergic receptor signaling pathway, 5HT1 type receptor mediated signaling pathway) ( Fig. S5) . Interestingly, we also found several pathways involved in respiratory electron transport and oxidative phosphorylation indicating that 6-OHDA affects mitochondrial function, which confirms previous reports [19] . It is noteworthy that we found a small number of proteins (n = 12) among the identified targets that do not possess a cysteine. Since we were not able to modify proteins without cysteines (i.e. SNCA) with 6-OHDA as shown before, these identified 12 proteins likely represent indirect binding partners that, given the experimental procedure, probably engage in very strong interactions with other identified proteins. We continued exploring the application of 6-OHDA-PEG3-yne to whole cells but we could not detect any intracellular signal (Fig. S6 ). This indicates that the alkyne modification of 6-OHDA prevents uptake via the constitutively expressed dopamine transporter (DAT) in SH-SY5Y cells [68] . This supports previous studies interrogating chemical modification of dopamine analogues [69] . Consequently, we permeabilized the cell membrane of fixed SH-SY5Y before applying 6-OHDA-PEG3-yne, and proceeded with an established copper-catalyzed azide-alkyne cycloaddition approach [70] . Our fluorescence microscopy assessment revealed that 6-OHDA-PEG3-yne produced a clearly visible signal in the cytosol indicating substantial intracellular protein modification (Fig. 4C ). This demonstrates that 6-OHDA-PEG3-yne permits the visualization of intracellular protein modification by 6-OHDA p-quinones.
Quinone modification of thiols impairs viability of SH-SY5Y cells
Previous research linked 6-OHDA-induced cell death to the generation of free radicals released during 6-OHDA autoxidation, in particular H 2 O 2 [43, 71, 72] ; however, few studies suggested that the 6-OHDA p-quinone contributes to toxicity as well [73, 74] . Intrigued by the large extent of intracellular protein modification, we investigated the impact of protein modification by quinones versus the impact of reactive oxygen species on cell viability. First, we treated SH-SY5Y cells with 6-OHDA or H 2 O 2 , and detected a similar impairment in cell viability (Fig. 5A) . The presence of methionine significantly reduced the toxicity of H 2 O 2 but not 6-OHDA, whereas the thiol-containing antioxidants cysteine or GSH improved cell viability substantially for both H 2 O 2 and 6-OHDA. This indicates that H 2 O 2 generated by 6-OHDA autoxidation is only one factor in neuronal cell death. After this, we examined whether quinone formation and subsequent protein modification contribute to 6-OHDA induced neuronal cell death. We incubated 6-OHDA in water and immediately added GSH to prevent autoxidation, or we allowed 6-OHDA to undergo autoxidation yielding H 2 O 2 and 6-OHDA p-quinone (indicated by a visible change in the color of the solution). Then, we transferred these mixtures to SH-SY5Y cells rapidly diluting the reaction solutions in the process (Fig. 5B ). Cell viability was drastically impaired if reduced 6-OHDA was applied, regardless of the presence of GSH. In contrast, oxidized 6-OHDA impaired cell viability in absence of GSH but showed substantially reduced toxicity in the presence of GSH. This suggests that GSH quenches 6-OHDA p-quinones, and thus, indicates that quinone formation is an important contributor to dopaminergic cell death. To support our conclusion, we assessed whether thiols are able to quench the 6-OHDA p-quinone in SH-SY5Y cell lysates. We employed 6-OHDA-PEG3-yne in the presence of either methionine or GSH and found that the presence of methionine only slightly impaired in-gel fluorescence whereas GSH abrogated fluorescence almost completely (Fig. 5C ). Interestingly, application of antioxidants after successful incubation with 6-OHDA-PEG3-yne had no effect implying that protein modification by quinone is irreversible under cellular conditions (Fig. S7 ).
Quinone modification renders protein disulfide isomerase inactive
We sought out to identify functional aspects of protein modification by 6-OHDA p-quinones and impaired cell viability. Our mass spectrometry identification of 6-OHDA-modified proteins revealed a large number of proteins relevant to respiratory electron transport and oxidative phosphorylation, including several peroxiredoxins (Table S1 ). Several studies demonstrated that peroxiredoxins regulate the cellular redox environment and interact with protein disulfide isomerase (PDI) [75] [76] [77] . PDI is also part of the cellular redox network, and catalyzes the formation of disulfide bonds and, hence, protein folding [78] [79] [80] . A growing body of research points to a crucial role of PDI in neurodegenerative disorders since PDI is strongly associated with the two fundamental processes underlying neurodegenerative diseases, i.e., protein misfolding and oxidative stress [81] [82] [83] . Therefore, we examined the effect of 6-OHDA on the activity of recombinantly expressed human PDI. First, we confirmed modification of PDI's cysteines by 6-OHDA-PEG3-yne (Fig. 6A ). We also employed mass spectrometry to validate modification of PDI by native 6-OHDA (Fig. S8 ). With this in mind, we hypothesized that cysteine modification of the catalytic domain of PDI (PDIa) by 6-OHDA p-quinones inhibits PDIa's oxidoreductase activity similar to the cysteine modification of PDIa by the small molecule phenyl arsenoxide (PAO) [58, 59] . We monitored PDIa's oxidoreductase activity and found that H 2 O 2 , which is released during autoxidation of 6-OHDA, had no effect, whereas 6-OHDA rendered PDIa inactive (Fig. S9 ). After this, we continued to study the effect of 6-OHDA on full-length PDI. Similar to the catalytic domain PDIa, 6-OHDA rendered full-length PDI inactive (Fig. 6B) . The presence of methionine altered PDI's overall activity to a small degree but did not mitigate 6-OHDA's effect on enzyme activity (Fig. 6C) . In contrast, adding cysteine fully restored PDI's oxidoreductase activity (Fig. 6D ). This supports our finding that thiols are the predominant targets of 6-OHDA p-quinone. In addition, we demonstrated that quinones impair key players in cellular protein folding and redox homeostasis.
Discussion
A recent study tied dopamine oxidation to mitochondrial and lysosomal dysfunction in PD, indicating a paradigm shift in our perception of the relationship between this neurodegenerative disease and the very complex metabolism of dopamine [19] . Here, we demonstrate a novel tool and associated methods to the research community for studying the vast and complex network of neurochemistry in the brain. Chemical modification of naturally occurring dopamine metabolites permits the acquisition of unparalleled knowledge about the underlying chemistry and its implication for biology. For instance, we were able to prevent intramolecular cyclization and, hence, abrogate neuromelanin formation by the introduction of an alkyne-functionalized PEG at the amino group of 6-OHDA. To our knowledge, this is the first experimental demonstration of cyclization as a prerequisite for neuromelanin formation. At this point, we cannot exclude that other types of polymerization or molecular conversion occur; nevertheless, our approach allows studying the effect of the 6-OHDA p-quinone, which displays an extremely short lifetime otherwise.
Most literature regarding 6-OHDA suggests that the generation of reactive oxygen species (ROS) is the driving force of the molecule's toxicity [34, 40, 43, 71, 84, 85] . In contrast, only few studies addressed protein modification by dopamine quinones [19, 20, [44] [45] [46] [47] [48] 86] . We were surprised by the large extent of protein modification, observed for both 6-OHDA and 6-OHDA-PEG3-yne in lysates and in cellulo. Together with the presented viability studies, our observation challenges the view of ROS as major factor in neurotoxicity. Instead, it implies that protein modification by dopamine quinones impairs proteome function and, hence, contributes substantially to dopaminergic cell death. Our work shows that 6-OHDA-PEG3-yne covalently modifies proteins and is specific for cysteine thiols. The ability of 6-OHDA p-quinone to react with thiols in a cellular environment likely depends on additional parameters such as steric accessibility or pK a values. In keeping with this, an earlier study showed that the different pK a values of GSH and cysteine are associated with the protection of neuronal cells towards challenges with dopamine metabolites [87] . Another early study attributed the protective effect of cysteine to very quickly replenishing the GSH/GSSG balance upon challenge with 6-OHDA but did not consider a nucleophilic attack of cysteine's thiol on the 6-OHDA quinone [43] . In addition, a large number of studies investigated the role of different antioxidants and found that compounds containing thiols protect against ROS [43, [88] [89] [90] [91] . Our finding that thiol modification is a major factor contributing to cell death provides a simple and clear explanation for all these observations. This suggests that cysteine and GSH quench quinones and, thus, prevent damaging protein modification. Consequently, we call for reassessing the role of astrocytes with their very high cytosolic concentrations of GSH and, generally, the role of thiol redox homeostasis in the development of PD [92, 93] .
We are aware of several limitations of our approach. A synthetic molecule might affect cellular biochemical processes in a different way than the unmodified native molecule. For instance, thiol modification by 6-OHDA-PEG3-yne could prevent protein-protein interaction due to the PEG linker, which would not occur upon application of unmodified 6-OHDA. Furthermore, the administration of synthetic molecules to cell lysates or even cultured cells does not fully mimic physiological conditions. Finally, other dopamine metabolites might display a different physicochemical behavior. Still, we argue that the mechanistic implications and the conclusions of our study do hold true. Future work could employ strain-promoted alkyne-azide cycloaddition (SPAAC) using cyclooctynes as an alternative to copper-catalyzed azide-alkyne cycloaddition since SPAAC would allow monitoring protein modification in living cells and even animal models [94] [95] [96] . First, it is necessary to develop azide-functionalized dopamine metabolites that are able to cross the cell membrane and to reach the intracellular environment. For example, it is worthwhile to explore shorter PEGlinker that might help to overcome this obstacle. Previous research on dopamine modification and dopamine uptake already provides very useful information [69] . SPAAC between an azide-functionalized dopamine metabolite and a cyclooctyne-modified fluorophore provides an alternative method to study the role and function of dopamine uptake without the use of radiolabeled compounds.
In general, our work suggests that 6-OHDA follows a two-step mechanism leading to cell death. The first step is generation of H 2 O 2 by autoxidation causing oxidative stress. The second step is quinonemediated protein modification interfering with cell physiology and proteostasis. We insinuate that the second step has not been credited accordingly but contributes substantially to the toxicity of dopamine oxidation. Moreover, our study presents a novel strategy to explore role and function of dopamine metabolites and their interaction with biological molecules in physiological relevant conditions.
Conclusion
Dopamine oxidation has emerged as an important process in the development of Parkinson's disease (PD), strengthening the link between neurochemistry and the loss of dopaminergic neurons. The molecular mechanism by which dopamine oxidation contributes to dopaminergic cell death is unknown, mainly due to the lack of tools to study (oxidized) dopamine metabolites. This study explores a novel approach to investigate the role of neurochemistry in neurodegenerative diseases by devising a chemically modified dopamine metabolite, which aims to elucidate the chemical reactivity of the products of dopamine oxidation in dopaminergic neurons. This study found that proteins containing thiols form adducts with dopamine metabolites and, by extension, that disrupting cellular protein thiol redox homeostasis contributes to the development of PD. Our findings suggests that there is another poorly explored but important layer of neurochemistry that contributes to dopaminergic cell death. The approach presented in this study is applicable to other neurochemical metabolites and enables the study of a wide range of neurodegenerative and neuropsychiatric disorders. 
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